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Abstract 

We argue that (0,1) heterotic string models with 4 non-heterotic 
spacetime dimensions may provide an instability of the vacuum to 
gravitational polarization in globally strong gravitational fields. This 
instability would be triggered during gravitational collapse by a non¬ 
local quantum switching process, and lead to the formation of regions 
of a high temperature broken symmetry phase which would be the 
equivalent in these string models of conventional black holes. 

PACS numbers: 11.25.Sq, 11.25.Mj, 04.70Dy. 


1 Introduction 

In this paper we will argue that in heterotic string theory [1] with 4 space- 
time dimensions in non-heterotic form (i.e that can be bosonised without 
twisted boundary conditions, see [2]), the equivalent of conventional black 
holes are regions of a high temperature broken symmetry phase characterised 
by a condensate of strings. These would be the ultimately compressed states 
formed in gravitational collapses unchecked in any other way. The thermo¬ 
dynamic properties of these regions would closely match those of the corre¬ 
sponding Hawking black holes [3]. The analysis presented here has its origin 
in an attempt to make sense of the interacting string spectrum in the context 
of thermal duality [4]. It is intended that this paper will give an improved 
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analysis both of the nature of the final state and of the nucleation mecha¬ 
nisms that can lead to the formation of such states, remedying some of the 
shortcomings of the scenario proposed in [4]. In section 2 we treat the static 
case and the region of string condensate equivalent to a black hole, and in 
section 3 we discuss a nucleation mechanism that could lead to the forma¬ 
tion of such regions in the weak tidal gravity of a large collapsing aggregate 
of matter. Our approach differs from that of Leonard Susskind [5,6] who 
argues that the relationship between strings and black holes may be under¬ 
stood without introducing a modification of the gravitational held structure 
around black holes. The scenario outlined below would lead to the formation 
of a new kind of object which we may call ‘string stars’ in extreme astro- 
physical collapses. The formation such an object would take place through a 
non-local quantum effect producing a phase transition. The argument below 
does not demonstrate conclusively that such a process actually takes place 
- rather, the intention is to alert the reader to the possibility that such a 
mechanism may be latent within string theory. 

2 Broken Symmetry Phase 

At the Hagedorn temperature the partition sum Z for the spectrum of a free 
string diverges [7]. This is associated with the appearance of a tachyon [8,9] 
in the string spectrum which we will call the thermalon 0. For free strings, 
this appears as a pole in the one loop diagram. This pole represents the con¬ 
tribution of long string loops propagating around the thermal circumference 
(3 in imaginary time, and by modular invariance this has a dual interpre¬ 
tation as the contribution of thermalons propagating around the long loops 
represented by the corresponding string conhgurations. In this picture, the 
thermalon summarises the thermal behaviour of the whole string spectrum. 
This suggests that the condensation of strings at the Hagedorn temperature, 
when quartic self interactions are included, would be reminiscent of the con¬ 
densation of Higgs bosons, and that a high temperature broken symmetry 
phase should exist [10]. Although the thermalon itself exists only in the Eu¬ 
clidean regime, on continuing amplitudes back to Minkowski spacetime the 
contribution of the thermalon represents the effects of condensed strings in 
the high temperature phase. Now it would appear that to produce a region 
of this high temperature phase would be very difficult - a very large amount 
of energy would need to be expended to bring thermal radiation in the region 
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up to the temperature where long strings would condense. However, we will 
argue that the required temperatures could be realised by geometric thermal 
effects in a strong gravitational held. An observer suspended against the 
strong gravitational acceleration a near an event horizon would experience a 
heat bath of temperature 27i/a [ 11 ], while the energy density around a black 
hole of mass M is 0(1/M^) [ 12 ], which is small and independent of a. As this 
geometric temperature reaches the Hagedorn point, the observer’s interaction 
with the heat bath could have the effect of precipitating the condensation 
transition. Thus, where the geometric temperature of a static observer is at 
or above the transition temperature, the usual vacuum state may be modihed 
by a symmetry breaking phase transition, and the difference A In Z per nnit 
volume between the two phases will have a finite, non-zero valne. The broken 
symmetry phase (BSP) exists between (3 = 7r/{l + V^), and /? = 71(1+ V2), 
which we will call the upper and lower Hagedorn points /5_|_, /?_ respectively. 
The formula for the free energy as a fnnction of 0, the thermalon scalar held 
and (3 in quartic approximation is [10]: 

F=(-Q+'^ + ^W(t7 + M*^^ ( 1 ) 

( 3 ^ 71 ^ 

where A ~ 5 ^ 4 . This depends npon (3 throngh the combination 

f = (P/77f + (P/ 77 )-^ (2) 

which is invariant nnder the duality transformation 

(3 7r^/3"\ (3) 

as a consequence of a compactihcation duality of imaginary time. Strings at 
hnite temperature have a lattice of heterotic winding nnmbers in imaginary 
time, where the winding numbers (a, b) represent null coordinates of a point in 
an even self dnal Lorentzian lattice. These winding numbers give a conformal 
weight of 

The thermalon itself has winding nnmbers (1,1) in the heterotic string theory 
[13] and so is invariant np to a phase under the thermal duality arising from 
modular invariance: 

a —> 6,6 —a, /5 —tt ^/{3 (5) 
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which is realised as a reflection in heterotic imaginary time. A change of 
metric exp (2r)5foo is represented by the Lorentzian transformation 

(3 exp (r)/3. ( 6 ) 

From the viewpoint of quantum geometry, the effective circumference of 
imaginary time for the thermalon, is 7 . The overall physics of the BSP 
however will not be dual symmetric as spacetime is described by the level 
zero held and the coupling of to F is not dual symmetric. The 
contribution to InZ from the thermalon in the BSP is 

AlnZ(/?,0) =-/?AF. (7) 

The difference in energy density produced by the high temperature phase is 
given by 

Ap=-AAlnZ (8) 

obtained by varying g^Q. We may note that in thermal equilibrium the value 

of (3 will vary from place to place according to 

a/^/ 3 = const. (9) 

We might expect that the change in entropy density due to the phase tran¬ 
sition is given by 

i.e. 

AS = f3{Ap-AF) (11) 

However, a modification of this formula is needed due to the conservation 

properties of energy in a gravitational held. The essential property of eq. o 
is that because usually 

J f3pdv = const 

where dv is the 3 dimensional volume element, we have / ASdv maximised 
when / AFdv is minimised. The point which we now want to make is that the 
integral of the gravitational source density e = p-|-Tr(p) = T 00 +T 11 -I-T 22 -I-T 33 
is the quantity which must be constrained to remain the same to give the same 
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external gravitational field. For example, the Schwarzschild metric for mass 
M may be truncated to a flat interior at a surface where the gravitational 
acceleration is 0(1) in string tension units. If the transition is concentrated 
in a region with thickness 0(1), the transverse pressure will be 0(1) but the 
total local energy will only be 0(M), or 0(1) as viewed by a distant observer. 
(The energy is supported against gravity by the pressure as at the top of a 
dome.) The gravitational source in this case is almost entirely converted to 
pressure. The distinction between e and p only matters if the pressure is 
contained by gravity - otherwise the flow of momentum is returned by the 
containment vessel and the integral of (5Ti{p)dv vanishes. Thus we require 

J fdedv = const = M. (12) 

and therefore that / ASdv should be maximised when / (3AFdv is minimised 
subject to eq.(|^. If we write 

Ae = AF + AS/(3 (13) 

so that AS = /d(Ae — AF), replacing eq.([TT|), then AS has the required 
property. Note that eq. is consistent with the degeneracy of states needed 
with a Boltzmann factor based on e rather than p, i.e. 

Z = ^ exp — J jdedv (14) 

as would be expected for the statistical distribution of a conserved quantity. 

Now AS represents the difference in entropy between the BSP and the 
conventional vacuum state. Thus InAS* represents the effective degeneracy 
of states in the BSP with < (j) 0. The origin of this degeneracy will 

be discussed below. Now AF has a minimum at /? = vr, so AlnZ{(3,(j)) = 
—PAF{j3, 0) will have a maximum at some Pp{(f>) with vr < j3p{(f)) < /3_. For 
a region in which 0 is approximately constant, terms involving da4> may be 
neglected. Now a space-hlling solution with 0 and /3 constant should exist 
by an application of the mean value principle. As (3 varies, let 4>mi(3) be 
the circle of values for which AlnZ(/3,0) is maximised with 0 constant in 
space and time. Now let (3m be the value of [3 for which A In Z(0, 0^(0)) is 
maximal, i.e. representing the global maximum of A In Z. At 0 = 0 m we 
have Ap = 0, ATr(P) > 0 whereas just below the upper Hagedorn point 

ATr(F)(0,0^(0)) < -Ap(0,0^(0)) (15) 
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since ATr(P) = —SAP when 0 is constant and InAZ will have a lower 
order zero at /3+ than its derivative w.r.t. /3, so that for some (3c with 
/?+ < /dc < (3m we have e{(3c, 4’m{,(3c) = 0. These values give a solution 
with (j) and 5^00 constant. Such a solution may be seen as the interior of a 
gravitational conductor from which the gravitational acceleration held has 
been expelled. The energy density has a negative value and the pressure 
has a positive value, both contributing to a negative spatial curvature: the 
spatial geometry will be a Bolyai-Lobachevski 3-space with line element 


du^ = —-I- r‘^{d9‘^ + sin^ 9d(j)^) 

1 + a 

(16) 

giving space-time interval 


ds^ = dt^ — du^ 

(17) 

with 


a-2 = MCipc - Pc) ~ 0(1) 

(18) 


and is positive since the constant values pc,Pc for pressure and density 
satisfy pc > 0 and pc < 0. This geometry provides an implementation of the 
holographic principle [14,15], 6V ~ 6S. By eq.(|^ we have AS ~ — AP > 0 
for the quasi-constant region where Ae ~ 0. The excitations in this phase 
are strings with a higher energy per unit length than free strings due to the 
condensate < 0 >. The thermalon correlation length is given by 

A = — (19) 

/^eff 

where p^s is the effective thermalon mass. Now because of spontaneous 
symmetry breaking, the thermalon in the BSP is represented by two different 
modes, a Goldstone boson ((c with < 0 > imaginary, and a ‘Higgs’ 

mode (j)H with (50 g/ < 0 > real. The Goldstone mode corresponds to a 
spectrum of strings at the critical temperature, equivalent to free strings 
with 

7f(G') = 6 (20) 

i.e. A(G) —> 00 , whereas the Higgs mode gives a spectrum which is equivalent 
to that for free strings at a value of 

jUH) = 18 - 27 ' ( 21 ) 
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for the quartic model. As X{H) is shortest for /3 = tt we can see that Higgs 
mode strings are relatively excluded around the duality point, an effect which 
is essentially due to the increased energy density of the strings. The effect 
of the condensate < 0 > on the string spectrum is equivalent to a temporal 
dilatation effect. Strings propagate as if goo were replaced by goo{G, H) with 

gm{G) = goo = -^goo ( 22 ) 

and 

goo{H) = ^ ^ 

where [5f{G,H) is the largest root of eq.(||) for 7 = ■jf{G,H). Another 
equivalent solution exists by thermal duality by choosing the smaller roots 
for [5, showing that the physics is effectively continuous at both upper and 
lower transition temperatures. The effective temporal dilatation produced by 
< 0 > applies as a Lorentzian boost to the heterotic time lattice discussed 
above, preserving the self duality of the lattice that is needed for consis¬ 
tent propagation of the Goldstone and Higgs strings. The critical Goldstone 
strings have neutral buoyancy due to the condensate, and are effectively 
maintained at the Hagedorn transition throughout the BSP. As noted above, 
the space-hlling solution will have a temperature Tq = (5c- Because of the 

effect of gravitational screening, highly excited string states can exist within 
the BSP, whereas gravity excludes most of them from the normal phase [4]. 
Thus the greater entropy of the BSP can be understood as being due to 
the gravitational screening within the BSP allowing modes such as longer 
strings, which cannot exist within the normal phase because of gravitational 
collapse. The next step is to examine the possibility of solutions for hnite 
regions of the high temperature phase. This will allow a separation of space 
into normal and BSP regions, with long strings effectively conhned to the 
latter. The idea is that the solution above would represent limiting values 
for the interior region, and that a solution for a hnite extent would interpo¬ 
late between this and an exterior region of conventional vacuum, described 
by the same solution as the exterior region of a black hole. At the surface 
where the geometric temperature reaches the lower Hagedorn point, 0 = 0, 
and (5 will interpolate inwards according to the constraint eq.(|^). 

This condition gives the possibility of thermal equilibrium between the 
interior region of broken symmetry and an external vacuum region. How 
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would this be possible without an event horizon? In the Euclidean continua¬ 
tion, the region external to a horizon can be described in radial coordinates. 
The radius r represents distance from the horizon r = 0, while imaginary 
time wraps around circles of constant r with period (3 = 27rr. We envisage 
a solution where the interior tends to a constant temperature, which would 
be equivalent to excising a disc around r = 0 and replacing this with a tube 
tending to a constant circumference jSc- This tube would take us in past the 
point where the horizon would have been, indeed right across the interior re¬ 
gion to open out to join another almost flat section at the far boundary of the 
BSP. Thus a consistent geometric temperature can be maintained without 
an event horizon because the Euclidean continuation of the space-time is not 
simply connected. The equilibrium will be typical of phases connected by a 
Erst order phase transition coexisting at the transition temperature. First 
consider a region with zero gauge charges. The degrees of freedom within this 
surface will be gab, the spatial components of the metric, the metric time 
component is the tensor string zero mode), and 0. Some conhguration 
C of these helds will give a global minimum of 

— \nZ = —j \J detgabd^ x{g^‘^ (3R + A In Z(/?, 0)). (24) 


For 4 dimensional string models where the additional worldsheet degrees of 
freedom are subject to twisted boundary conditions [ 2 ], there is no breathing 
mode dilaton 06, and the 4 dimensional dilaton 04 decouples for the heterotic 
string, hence they need not be included in eq.(|^). (The suggestion in [4] 
that a modihcation of the theory needs to be made to enable 04 to decouple is 
mistaken.) This feature gives a stable value for the gauge and gravitational 
couplings, and indicates a special role for 4 dimensional heterotic models. 
The conhguration C will also be a local minimum, so that it is a solution of 
the held equation derived from eq. (PH) . Consider the spherically symmetric 
(zero angular momentum) case. At the centre, the partial derivatives of the 
helds 0 and g all vanish. As the components of g will all be constrained by 
continuity with the external values, there is essentially one degree of freedom: 
the variation h 0 of the thermalon held from its limiting value, corresponding 
to diherent values of M, the total mass of the region. Working inwards from 
the outer surface, the variations of the helds from their limiting values decay 
exponentially over a distance of O(lnM) to the centre, giving power law 
dependences on M there. Again this behaviour is suggestive of a gravitational 
conductor, and there is a screening mass in the boundary layer 0 ( 1 ) per unit 




area, and 0(1) in thickness in their dependence on M. For a region carrying 
gange charges, there will be a confignration which minimises 


- Ill Z = - I ^detg„,d^x(gi^P(R + F") + A In Z(I3, d>)), 


(25) 


where F represents the gange fields, interpolating inwards from a Reissner- 
Nordstrom type solntion. It is likely that the gange charges will also be 
concentrated in the bonndary layer of the region. We anticipate that a gen¬ 
eralisation to the rotating case will also be possible, perhaps by giving a 
nniform angnlar velocity to the interior. We may also note that althongh 
there will be higher order corrections in R and F to eq.(^), the mean valne 
argnment above shonld still apply. As a farther investigation, for the sim¬ 
plest form of AlnZ based on eq. (0) an attempt may be made to solve the 


non-linear differential eqnations generated by eqs. (|^J^) either nnmerically 
or in closed form, if this is possible. 


3 Nucleation Mechanism 

In this section we will consider how regions of the BSP conld form dnring 
gravitational collapse. The mechanism that we propose is a kind of ‘diagrav- 
itational’ breakdown of the normal phase in globally strong gravitational 
fields. There are significant differences with the dielectric breakdown of an 
insnlator in a strong electric field. One is the nnexpected sign of the effect 
(as like gravitational charges attract rather than repel). The other is that, 
dne to Einstein’s eqnivalence principle, there is no local trigger in the form 
of a strong local invariant field strength. Rather, the transition mnst begin 
simultaneonsly aronnd a critical gravity snrface. Snch a snrface is fonnd by 
the physical world ‘trying’ all possible Feynman paths, acting in this as a 
qnantnm-parallel compnter. If snch a snrface is fonnd, the probability of nn- 
cleation rapidly switches to almost 1, so that the nncleation process acts as a 
non-local ‘everywhere or nowhere’ qnantnm switch. The long-distance corre¬ 
lations of nncleation vs. non-nncleation wonld be of Einstein-Podolsky-Rosen 
(EPR) type, and wonld not represent any form of snper-lnminal cansality. 
Consider a family of spacelike snrfaces S(t) with topology connected by 
timelike curves generated by a unit vector field T. Choose a frame field Fi 
with Eq = T, E 2 and Eq tangent to S(t) (using two or more patches) and Ei 
an inward normal. Suppose that each curve has acceleration a orthogonal 


9 






to S where the associated inverse temperature (3 = ‘I'nja lies in the range 

> (3 > (3^. Applying the thermodynamic equation dS = (3dQ and assum¬ 
ing for now the Hawking relationship dS = dA/AG (we will argue below that 
this is needed for consistency) gives 

dA = T{dA) = dS^ = f3TmadAAG = ^^ToiadA = -T^adA (26) 
db a a 

where 0 < a < 1 is an opacity factor for the absorbtion of energy at the 
surface and k is the constant appearing in Einstein’s held equations. Initially, 
we will have a = 0, and we are led to consider surfaces with dA = 0 and 
j3 = (3p a.s nucleation sites, where we take (3p = l3p{(j) ~ 0). The polarization 
point value for (3 is chosen so that polarization may begin. For notation, we 
will indicate a family with dA = 0 as S'f and ii (3 = fdp also, as Sf{(3p). An 
element of a Sf{(3p) family may be regarded as a string regulated version 
of a Penrose closed trapped surface [16], with such a Penrose surface being 
obtained in the inhnite tension limit. Now given such a family, a condensate 
< 0 > 7 ^ 0 around S^{(3p) would produce gravitational polarization with 
p > 0 outside Sf{(3p) and p < 0 inside S^{(3p). To produce such a condensate 
requires a continuous phase for the condensate < 0 > all around the spherical 
topology surfaces S'°(/3p). This condensate would be self-sustaining as the 
outward gravitational force on the inner part with (3 < tt would balance the 
inward force on the outer part with j3 > tt, sustaining the acceleration relative 
to free-fall needed to maintain the geometric temperature. Nucleation is now 
possible, and with rising values of a the outer boundary of the condensate 
follows eq.(^), with the a value of the condensate driven closer to 1, while 
the inner boundary will be at the innermost S^{(3p) surface to have formed. 
The existence of a S^{33p) family gives the coherence needed to produce a 
stable BSP region. Because the boundary of the BSP region is necessarily 
closed, the nucleation is a holistic effect requiring the existence of such a 
family of closed surfaces. Because the conditions dehning a Sf{Pp) family 
apply locally (including continuity of < 0 >), in computational terms the 
question of whether such a family exists represents a non-local problem for 
which a candidate solution may be conhrmed by parallel local checking, and 
may be called a locally checkable problem . 

As the gravitational polarization progresses, pressure builds within the 
shell. The spatial geometry is also signihcantly affected by the energy needed 
to produce gravitational screening, with the coefficient of reaching the 
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Bolyai-Lobachevsky value 0(M (see eq. ®) at the zero active gravity 
(ZAG) point where e vanishes. The average value of curvature in the r, 6 
plane between the screen boundaries and the ZAG surface is given by 


R 


r,6 


Z^TTeff 

7i6s 


(27) 


where Ss is the radial distance, and TTeg is the effective value of tt in the r, 6 
plane, 


^efF 


6r 


(28) 


which is (1 —in the BL region, or ~ 0(1/M) for the boundaries of a 
static shell. This gives positive spatial curvatures of 0(1) in the outer layers 
and negative spatial curvatures of 0(1) on the inner layers in agreement with 
the magnitude and changing sign of p — p, where p is appropriate component 
of the pressure matrix. The time needed to produce the radial deflation that 
produces the BL geometry will be O(lnM). From the viewpoint of an ob¬ 
server at a constant area surface, the radial contraction is initiated by the 
pulse of positive energy represented by the ultra-relativistic in-falling mat¬ 
ter, and then the radial metric follows an exponential decay as the negative 
energy screen passes through, stabilizing at the BL geometry. The formation 
of gravitational screens may occur many times during the collapse process, 
depending on details of the in-falling matter distribution. Thus, in a local 
time O(lnM) an outer gravitational screen like the boundary of the BSP 
regions of Section 2 will have formed, and the inner and outer gravitational 
screens will separate, with a. P ^ Pc region between them. The surface grav¬ 
ity in this region will be effectively zero, rising to 271/Pp on the inside and 
to a somewhat smaller value ~ 27i/P_ on the outside, giving a characteristic 
double peak pattern. The negative gravitational energy formed at the inner 
part of the condensate will cancel just enough of the energy of the in-falling 
matter (which will be absorbed into the BSP) to maintain a value of 2n/Pp 
as the maximum acceleration of surfaces, so that the conversion of the 
interior to BSP proceeds by a process of inward induction. Note that ther¬ 
mal equilibrium is maintained at the outer surface of the BSP, but not at the 
inner boundary which is intrinsically unstable, as the transition to the BSP 
is in progress there. (Near the inner boundary AS* may become negative, 
suggesting that the inner screen may act as a heat pump moving entropy to 
the AS* > 0 part of the BSP.) The inner surface of the BSP will have P < Pc, 
whereas the nascent S^{Pp) surfaces have P = Pp > Pc and as the boundary 
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moves further inward, (3 settles to (3c- Inward induction will be complete 
when the whole of the interior is converted to a BSP region, which will take 
a further time of at least O(lnM) as seen from the outer surface since the 
boundary between normal and BSP regions is timelike. 

During conversion to BSP, space from the normal phase will undergo 
a radical radial contraction, and its contents will be thermalised. In cases 
where there is a multiple concentric nucleation of BSP regions, the negative 
energy inner screen of each region will eventually encounter the positive en¬ 
ergy outer screen of the next region in, leading to coalescence. Eventually, all 
matter will be absorbed and all regions of BSP will coalesce, leading to the 
formation of a quasi-stable region. The time to complete process of in-falling 
matter being absorbed at the outer screen, causing this to expand outwards, 
will be comparable to the time taken for matter to fall to a critical gravity 
surface in the Schwarzschild metric. This will be O(lnM) as seen from such 
a surface, or 0(M In M) as seen from outside the strong held region - see 
[17], section 15. This is comparable to the conversion time for the interior 
by inward indnction. The pressure on the onter surface of the BSP region 
dne to accretion will be relatively small, at 0(1/In M). A small amonnt 
of thermal radiation will escape the very strong gravitational held of this 
hot region, leading to a slow decay like that of a Hawking black hole for an 
isolated BSP region. In a realistic astrophysical context, fnrther accretion 
wonld overwhelm this ehect. 

We will next make some observations abont the relationship of the 
nncleation process to the framework of qnantnm mechanics. The appearance 
of large closed snrfaces as nucleation sites is an indication of that nucleation 
is a non-local qnantnm process. There does not appear to be a problem with 
superlnminal transmission of information, as a strong gravitational held on 
the same spatial scale is reqnired to provoke a phase transition, and this 
wonld take time 0{M) to set np, and the initial nncleation process takes time 
0{M) as seen from the ontside . The conversion of a collapsing object to a 
BSP region wonld be analogons to the operation of a qnantnm information 
processing device. If we separate space into an inner region I and onter 
region V by a closed surface S = SI, a quantum state may be represented as 

|^>=|^,T>M/>. . (29) 

The Hilbert space is decomposed as 77 = 77//077/ and the states |7 >j form a 
basis for 77/ while the coefficient states It/, 7' >* lie in 77//. Here the index i is 


12 



specific to S (an abbreviation for i{S)). If our knowledge of {-ip > is restricted 
to I, or we have no control over the relative phases of the coefficient states, 
this may represented by the density matrix 

p>*’^ (30) 

where the index j* refers to < ip, /'|, or 

p=<iP,I'\iP,I' (31) 

giving an entropy of entanglement S = Trp In p. Now the relationship of 
entanglement between I and I' is mutual, and reversing the roles of I, I' in 
the above will give a density matrix p' over I giving the same value of S. 
The proof is easy: if dim(hf/) = N, then the \ip, I' >* span a space V of 
dimension K < N. Let \W >*, be an orthonormal basis of V made up, if 
necessary, to N elements. Then we can write 

\pJ >= >k \I >i . (32) 

Now p = affi while p' = aaf,and both matrices are evidently Hermitian. The 
spectra of eigenvalues of p and p' will be the same, since Trpa^aY = Tr(aaf)"' 
for any n. In fact, if we choose the bases |/ >* and \W > a : to consist 
of eigenvectors of p and p' respectively, then p = p'. (If the entanglement 
between / and I' is produced by a measurement process, these bases represent 
the eigenstates of the measured quantities.) The equality of the entropies 
calculated from p and p' follows. Thus S also represents the entropy of 
ignorance of an observer in I' who has no control over the phases of coefficient 
states within I. We will now suppose a form of the holographic principle, 
which is that the entropy of entanglement for any state \ip > between I 
and r is bounded by ~ exp kA{S) for some constant k. The two special 
cases that we need to consider to generate a calculation for the general case 
are that I represents (1) a region of the normal phase and (2) a region of 
BSP. In case (1), the entropy bound is supported by the analysis of Srednicki 
[18]. The following (very) heuristic argument points in the same direction. 
To measure and record information U within I by generating entanglements 
with uncontrolled phases to the environment I' requires energy E > U/(3 nt 
inverse temperature pi. (At large pi there will be a shortage of low energy 
modes within I and an inequality will dehnitely be needed.) Now at S, 
E will produce an average gravitational acceleration of At^GE/A{S) giving 
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a geometric f3 = A{S)/2GE, and using this to solve U < jSE gives U < 
A{S)/2G. Presumably, a careful treatment would give consistency with the 
Hawking value H(5')/4G for black holes. For case (1) it seems that the 
‘strong’ holgraphic principle holds, i.e dim(iP/) is bounded by a multiple of 
A{S) as highly excited states are liable to gravitational collapse. Thus, for 
example, very high excitation levels of bosonic held modes within I would 
be cut off by the transition to the BSP. For case (2), the combination of 
hyperbolic spatial geometry and the lower bound on 7 give a hnite upper 
bound on AS consistent with the ‘weak’ holographic principle, even though 
gravitational screening means that there is no further collapse and so the 
dimension of Hj is not necessarily hnite in this case. The contribution of the 
Goldstone strings is understood to be included within AS. 

For concentric regions J, J with IdJ,R = I — J we may write 

\I >i= \R >l \ J >j (33) 


so that 

1^ >= 1^, E >* |/ >i= \E, /' >* \R >{ \ J>j ■ (34) 

Here iP/ is decomposed as Hr ® Hj with \R >1 in Hr. Hr may be viewed 
as a kind of quotient space with 


dim(Fr^) 


dim(Ff7) 

dim{Hj) 


Resolving gives 

\R >{= Gt\R >r 

where the combined index j, r takes as many values as i. Thus 


(35) 

(36) 


|v.>= >‘CV|B >, |J >J . (37) 


During the transition we may take R to be the region of BSP, bounded on the 
outside by S+ and on the inside by S'.. Now exp(/fj AlnZ(in)/Z(i?)infaiiing 
represents the relative probability of nucleation over no nucleation [dv is 
the 3-dimensional BSP volume element), and as Jr A\n Zdv 0 (H(^+) - 
A{S-)), this will usually be overwhelming in gravitational collapse where the 
conditions for nucleation are met. Thus we have an automatic inter-phase 
conversion process of the states in R 


: |0, R >r^ \ < (j)>,R>r 


(38) 
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where the states | < (j) >, R >r have the condensate < 0 >, the states on 
the left having < 0 >= 0. As noted above, these states will an effective 
degeneracy of exp{Jj^ASdv). What are the ‘microstates’ being connted by 
this formula? The answer to this question is provided by the Goldstone string 
modes of the BSP. They provide a heat bath giving a zero contribution to 
A In Z but a positive contribution to AS, and can adjust the contribution of 
the Higgs strings to give the correct value for AS. Because the states of the 
normal phase are converted rather than copied, the transition process does 
not conflict with the ‘Xerox principle’ [6]. Note that because 


dp{G) 

df3 


0 


(39) 


the Goldstone strings have zero effective gravitational energy, (i.e. they dis¬ 
place an equal amount of energy from the condensate) and because there 
is no gravitational gradient for them, there is no build up of pressure, and 
their contribution to the gravitational source is therefore zero. The absence 
of pressure due to the Goldstone strings indicates that this component of the 
BSP behaves more like a single long string than a gas of short strings. In¬ 
troducing Goldstone string excitations to reconcile AS thus does not modify 
the spacetime metric, while any modihcation due to Higgs strings should not 
alter the qualitative features of the metric. The negative value of A In Z is 
provided by the symmetry breaking phase transition (the potential energy 
of < 0 >), while AS is provided by the extra string modes of the BSP. At 
the end of the nucleation process, when R no longer has an inner boundary, 
R = I and since this region is in thermal equilibrium with the surrounding 
vacuum, consistency seems to require 


J^ASdv = ^Hawking (40) 

as information can be freely exchanged between the two phases. The effective 
potential for 0 should therefore be consistent with eq.(^0[). The quantity AS* 
may be divided into a ‘bulk’ component AS'int where (3 ^ (3c and a ‘surface’ 
boundary layer component AS'surf- Due to the hyperbolic geometry of the 
interior, both are proportional to the surface area. We would expect that 
AS/AA would be less for the surface components (i.e the average for the 
outer and inner screens) than for the bulk, so that the coalescence process 
for BSP shells would be thermodynamically irreversible (i.e. the reverse 
process would be very unlikely). Due to the onset of hyperbolic geometry. 
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the inner area of the surface component would be a fraction 0 < r < 1 of the 
outer area, so the quantity AS/AA would tend to a constant value for large 
A, so that this condition would be reasonable. The two phases would coexist 
locally at the Hagedorn temperature, with the latent heat of the transition 
used to produce more Goldstone and Higgs strings. These would act as an 
inner heat bath in equilibrium with the external Unruh/Hawking radiation 
(except for the small rate of escape). Thus the nucleation mechanism acts 
as a surface gravity regulator, and is the mechanism which implements the 
gravitational bound on the information content of the normal phase. If we 
try to force too much information into a region I, the gravitational held of 
the energy used to store this information will cause BSP nucleation from 
the boundary surface S. Because the holographic principle applies in both 
the normal and BSP cases it is possible for to be one-to-one so that 
the information content of a collapsing body can be preserved. It is also 
worth noting that the outer gravitational screen will have states that are 
strongly entangled with the states of the inner gravitational screen and, as 
the inner screen rolls inwards, with the interior of R, so that it will also act as 
a thermal information screen, or quantum encryption device, in analogy to 
the event horizon of a Hawking black hole. Thus ASdv will also represent 
the apparent change of entropy to an observer who has access only to I'. 
The BSP will act as a heat bath for the surrounding space, much as the 
horizon does in Hawking’s theory. As in Hawking’s theory, a small amount 
of radiation will escape the strong gravitational held of the BSP. During the 
collapse and radiative decay, the BSP acts as an information bank to hold 
quantum information about the collapsed object. The nucleation process acts 
as an extremely sensitive detector which captures essentially all details of the 
local environment and records them in a region of the quasi 2-dimensional 
BSP. This process could therefore be viewed as a form of flash holography , 
converting the collapsing region to a holgram of itself, given the rapid and 
non-local nature of the transition. 


4 Conclusions 

If the scenario presented in this paper turns out to be viable, some of the 
unsatisfactory aspects of the physics of black holes may be avoided. These 
include the presence of singularities and the problem of time reversibility if 
black holes are allowed but their time reversals (white holes) are not. The 
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time asymmetry in forming BSP regions is statistical only, and there is no 
clash with the CPT theorem. The formation of quasi two-dimensional BSP 
regions can be viewed as a real hologram formation mechanism, preserving 
the information content of the collapsed body. Finally we may note an anal¬ 
ogy with the physics of the strong interaction, with long string modes con- 
hned within BSP regions, where gravity is effectively weak, much as quarks 
are conhned within hadrons where they are asymptotically free. 

The author would be very grateful for any comments or suggestions on 
the contents of this paper. 
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